Gas turbine engines always run during poor working conditions that have high temperatures, high pressures, and high mechanical and thermal stress. Thus, the performance of the gas path components gradually degrades, leading to serious faults. So, the health status of the engine gas path components provides essential information for users and operators. Here, a new gas path analysis approach has been developed to predict gas turbine engine health status by using gas path measurements. The developed approach has been tested in seven test cases where the degradation of a model gas turbine engine similar to a three-shaft marine engine has been analyzed. The case studies have shown that the approach can accurately and quickly detect, isolate, and quantify the degradation of major engine gas path components with the existence of measurement noise. The test cases have also shown that the time cost by the approach is short enough for its potential application of online health monitoring.
Introduction
Nomenclature:
GPA
Gas path analysis z Gas Gas turbine engines have been widely applied in the fields of aviation industry, marine engineering, combined cycle power plants and so forth. Due to the poor working conditions of high temperature, high pressure, and high mechanical and thermal stress, the performance of gas path components may gradually degrade and easily lead to various degradation faults. Therefore, the current health status of the engine provides essential information for users and operators.
Nowadays, there are two major types of fault diagnostic techniques for a gas turbine engine: one is the traditional technique (e.g., vibration, debris monitoring, oil analysis, boroscope inspection, visual inspection, etc.) and the other is a gas path analysis (GPA) technique. Traditional techniques are widely applied to the assessment of physical-mechanical conditions within engine components (e.g., rotors, bearings, disks, etc.), while the GPA techniques are mostly used to estimate the overall performance of major engine components, such as the compressor, combustors, and turbines.
Many GPA techniques have been proposed to estimate the performance and health status for gas turbine engines. From the linear GPA method developed by Urban in the late 1960's [13] , a series of GPA methods were proposed, such as an adaptive nonlinear GPA method [7] , artificial neural networks [3] , rule-based expert system and rule-based fuzzy expert system [11] , and genetic algorithm [4, 12, 17] . The merit of artificial intelligence methods, such as neural network, rough set [14] , Bayesian network [9, 10] and rule based expert system, is that they do not need a gas turbine performance model, as only the relation information between fault symptom and degradation is needed. They can easily isolate the faulty component. However, the accumulation of knowledge by experiments and experience is a costly and uneasy job, and the magnitudes of the detected faults are not easily obtained. Nowadays, thermodynamic performance models of faulty engines are widely used to explore the symptom-fault relationship [10] .
Here, a new gas path analysis approach has been developed to estimate gas turbine engine health status by the usage of gas path measurements. The developed approach has been tested in seven test cases where the degradation of a model gas turbine engine similar to a three-shaft marine engine has been analyzed. Analysis and conclusions are made accordingly.
Methodology
Normally, the gas turbine engine's overall health status is represented by gas path component health parameters, i.e., compressor and turbine flow capacity indices and efficiency indices. However, this essential performance and health status information cannot be directly measured, and thus, cannot be easily monitored and diagnosed.
In the gas turbine operation, when some physically degraded problems of gas path components occur, the component performance parameters (e.g., pressure ratio, mass flow rate, and isentropic efficiency) change and cause the deviation of gas-path measurable parameters, such as temperatures, pressures and shaft rotational speeds, etc. [8] . Thus, the deviation of component performance parameters can be indicated by the deviation of gas path measurement parameters, and such deviation of component performance parameters may be due to varying ambient and operating conditions or engine performance degradation [6] . The thermodynamic relationship between engine gas path measurement parameters and engine component performance parameters can be represented with Equation (1).
( , ) z f p u v  (1) Where z is the gas path measurement parameter vector, p is the engine component performance parameter vector, u is the ambient and operating condition vector, and v is the transducer measurement noise vector.
Therefore, the gas turbine gas path fault diagnosis is an inverse mathematical problem that obtains the deviation of engine component performance parameters p  through the deviation of gas path measurement parameter z  after measurement noise reduction and data pre-processing against deviated ambient and operating conditions. It further obtains the deviation of gas path component health parameters for assessment of engine overall health status, which indicates the shift of the characteristic curves on the component characteristic maps.
Improved definition for engine health parameters
When the level of degradation is small, it is always assumed that the characteristic maps of degraded components (i.e., compressors, combustors and turbines) will keep more or less the same shape as their original maps based on the fact that the geometries of gas path components do not change significantly after degradation. Then, the degradation of gas path components can be represented by the shift of the characteristic curves on the maps, and such shifts can be expressed by the component health parameters, such as compressor and turbine flow capacity indices and efficiency indices, as well as combustor efficiency index [6, 7, 8] .
For previous gas path analysis methods (e.g., approaches developed by authors [2, 6, 7] ), health parameters for gas path components were defined using component absolute performance parameters (e.g., mass flow rate G and rotational speed n for compressor and turbine). When the gas path measurements are obtained at slightly different ambient conditions from baseline, they should be corrected to the baseline condition to eliminate the deviation of component performance parameters caused by varying ambient conditions (e.g., ambient temperature, pressure and humidity).
Here, in order to eliminate the inconvenience stated above, the health parameters for gas path components can be redefined using component similar performance parameters (e.g., corrected mass flow rate / Compressor health parameters:
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Nonlinear Steady-state Thermodynamic Model
In order to test the effectiveness of the proposed GPA approach, a model gas turbine engine similar to a marine engine has been used. It is a three-shaft gas turbine with a low-pressure compressor (LC), a high-pressure compressor (HC), a combustor, a high-pressure turbine (HT), a low-pressure turbine (MT) and a power-turbine (PT). The propeller is connected to the power turbine by the reduction gear box as shown in Fig 1 . The total thermodynamic characteristics of this three-shaft gas turbine are mainly decided by all kinds of rotational inertias and volume inertias. The motion equations of rotor and volume of this engine were established as follows according to momentum balance and flow capacity balance [15, 16] :
Where I1 is the low-pressure compressor shaft; I2 is the high-pressure compressor shaft; V1 is the volume between low-pressure compressor (LC) and high-pressure compressor (HC); V2 is the volume between high-pressure compressor The above set of equations from Equation (12) to (17) are the dynamic mathematical model of this three-shaft gas turbine. When the gas turbine runs steadily, all thermodynamic parameters do not change with time, and the above set of equations from (12) to (17) will be algebraic equations, which means it reaches momentum balance and flow capacity balance, as shown below:
The above set of equations from Equation (18) to (23) are the steady-state mathematical model of this three-shaft gas turbine engine.
Nonlinear Newton-Raphson Method
For a known residual equation set () E f X  , when variables n XR  change a small magnitude X  , corresponding residual vectors change a small magnitude E  consequently. If the X  is small enough, the relationship between E  and X  can be expressed by Equation (24) with adequate accuracy below:
Where ( , ) J E X is the Jacobean matrix and 
Until the residual norm , it is required that n=m. However, in practical applications of the gas path analysis method, n may not be equal to m. If n>m Equation (24) is under-determined and such a situation results in an infinite number of least squares solutions. A pseudo inverse can be defined as
The solution resulting from the pseudo inverse is best in a least squares sense.
If n<m, Equation (24) is over-determined and there are redundant equations. A pseudo inverse can be defined as
The resulting solution of Equation (24),
, is also the best in a least-squares sense.
The proposed GPA procedure
For the previous gas path analysis method, (e.g., approaches developed by authors [2, 6, 7] ), because the gas path component performance parameters are adaptive parameters, two steps should be included where the first step is to estimate engine degraded component performance parameters p using a performance adaption technique with gas path measurements, and the second step is to estimate component health parameters SF  by comparing healthy and degraded performances at the component level to obtain the magnitude of shift of the characteristic curves on component' maps due to degradation. Here, a new GPA approach has been developed to detect engine performance degradation by using gas path measurements z to directly output the deviations of component health parameters SF  . Then, the Equation (1) can be expressed by the following equation.
A typical procedure of the new GPA for the estimation of gas turbine health status is shown in Figure 2 In the proposed GPA procedure, an accurate nonlinear steady-state thermodynamic performance model should be established for the gas turbine engine in concern at the start of engine operation based on advanced simulation software and engine gas path measurements. The performance of the gas turbine engine at such a condition is regarded as healthy engine performance, and the characteristic maps for gas path components (e.g., compressors, combustor and turbines) should accurately describe their performance behavior. In a gas turbine engine operation, engine gas path measurements are obtained continuously and are used to estimate the deviation of gas path component health parameters SF  for assessment of engine overall health status due to engine degradation.
For the previous GPA method, in order to compare the gas path measurements between healthy and degraded conditions, the measurements should be obtained at or corrected to the same ambient and operating condition. Here, due to the application of similar parameters for engine health parameters and characteristic maps for the compressor and turbine, the influence of deviation of component performance parameters caused by varying ambient and operating conditions on the estimation of engine health status can be automatically eliminated by just setting the same ambient and operating conditions for the engine steady-state model as that of the actual gas turbine engine operation. 
Application and analysis
To test the effectiveness of the developed approach, a typical model gas turbine engine similar to a three-shaft marine engine is chosen for the demonstration of the proposed GPA. Its configuration and mathematical model has been introduced in section 2.2. When the engine operates at certain working conditions, the fuel supply flow rate is used as a control parameter and is kept constant when ambient condition changes and degradation. The basic performance specifications of the engine are as follows:
Total air flow rate 82.11 kg/s; LC pressure ratio 4.57; HC pressure ratio 4.53; Output power 24265.1kW; Thermal efficiency 34.94%.
The engine steady-state thermodynamic model for the model gas turbine engine is created based on the simulation platform of MATLAB software. The input for engine steady-state model are ambient conditions (e.g., environmental temperature, pressure and air composition), fuel supply flow rate, fuel composition and fuel lower heating value, and the deviation of gas path component health parameters (for the start of engine operation). The outputs of the performance model are engine output power, total thermal efficiency, etc.
To test the proposed GPA approach for health status estimation, it is assumed that the compressors, the combustor and the turbines of the model engine may be degraded. The degradation of the engine is simulated by changing the deviation of the gas path components health parameters defined by Equations (3), (5), (7), (9) and (11) . Seven engine degradation cases shown in Table 1 are used to test the improved GPA approach. The first six test cases have single component degradation and the seventh case has all major components degraded. The first six cases are used to test the ability of the proposed GPA approach in isolating a degraded component and further quantifying the degradation when only one component is degraded. The seventh case is used to test whether the approach can accurately estimate the engine degradation when all of the major components are degraded simultaneously. Once the simulated gas path measurements are collected, it is assumed that the implanted gas path component degradation is unknown. The simulated gas path measurements are used as the input to the proposed GPA system to test the ability in predicting the changing performance and health status for the gas turbine engine. The engine gas path instrumentation set for the analysis of the model engine is shown in Table 2 . It is assumed that all gas path sensors are healthy (i.e., no measurement bias). The deviation of the engine gas path parameters may indicate degraded engine performance. The simulated samples of those parameters shown in Table 2 are collected and regarded as simulated gas path measurements. By implanting the various component degradations shown in Table 1 into an engine steady-state performance model, the deviations of gas path measurement (fault signatures) relative to the measurements when the engine is healthy in the seven test cases are shown in Table 3 Table 3 shows that different engine degradations induce various engine performance deviations reflected by different gas path measurement deviations. To test the approach, these sets of gas path measurements are input to the proposed GPA approach assuming that the degradation of the compressors, the turbines and the combustor is unknown.
Since measurement noise is inevitable in gas path measurements and because it has a negative effect on health status prediction, measurement noise is added on the simulated gas path measurements z to make the analysis more practical. The maximum measurement noise for various gas path measurement parameters was based on information provided by Dyson and Doel [1] , as shown in Table 4 . To reduce the negative effect of measurement noise on diagnostic analysis, multiple gas path measurement samples are obtained in the simulation, and a 10-point rolling average [8] can be applied to get an averaged measurement sample before the measurements are input to the proposed GPA approach. The mathematical expression for the rolling average is shown in Equation (31). 
Where i z is the gas path measurement samples, and P is the number of samples (P=10 for ten-point rolling average). Measurement samples may be continuously obtained. The averaged sample at a specified time is the average of the last ten samples up to that moment. An instance of simulated measurement samples with and without data averaging and their comparisons with the true values are shown in Figure 4 . The corresponding nonlinear Newton-Raphson method can be expressed by equations below. Known residual equation set [ , , , , , , , , , , ]
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Where the relationship between 3,measured P and 3, predicted P is underlying Equation (36).
Where the relationship between 5,measured P and 5, predicted P is underlying Equation (38). 
Where the relationship between 6,measured P and 6, predicted P is underlying Equation (40).
Where the relationship between 1, measured n and 1, predicted n is underlying Equation (41).
Where the relationship between 2,measured n and 2, predicted n is underlying Equation (42).
Applying residual equation set () E f X  into the nonlinear Newton-Raphson method, when the simulated steady-state solution ẑ is close to the actual measurement parameters z and E   , the convergence of engine health status estimation based on adaptive nonlinear steady-state thermodynamic model is declared, and the corresponding final health status indices SF  for gas path components can be obtained.
Test case 1 to 6
In this study, the simulated engine performance with different engine component degradations is called an "actual performance", and the predicted engine performance by using the proposed GPA based on gas path measurements is called the "predicted performance".
The engine component degradations in the first six test cases predicted by the approach are shown in Figure 5 to Figure  10 . The predicted degradation for major gas path components, i.e., the deviation of health parameters, were compared with the implanted component degradation. It can be seen that the prediction of gas path component degradation was accurate, indicating that the approach is able to search and isolate the degraded gas path components and further quantify the degradation when a single component degradation happens.
Test case 7
The engine component degradations in the seventh test case predicted by the approach are shown in Figure 11 . The predicted degradations for major gas path components were compared with the implanted component degradations. It can also be seen that the prediction of gas path component degradation was accurate, indicating that the approach is 
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Implanted Degradation able to search and isolate the degraded gas path components and further quantify the degradation when multiple component degradations happen.
Further Discussions
From the test cases, it is interesting to see that because of the existence of random measurement noise, some small deviations of component health indices were predicted by the proposed GPA approach where the related gas path components were healthy. However, the magnitude of the pseudo deviations caused by measurement noise is small enough compared with that caused by degradation, and thus, the proposed GPA approach shows good tolerance to measurement noise.
Due to the simplification of the diagnostic analysis compared with previous adaptive gas path analysis methods, the time cost by the approach for one test case is only two seconds using a laptop computer with a 2.0 GHz dual processor, which shows its potential application of online health monitoring for engines.
Because the model gas turbine chosen as the research object was a three-shaft marine gas turbine whose configuration is more complex compared to aircraft and power plant engines, the proposed GPA approach may have the potential application of health status estimation for other types of gas turbine engines.
Conclusions
Here, an improved adaptive gas path analysis approach has been developed to estimate gas turbine engine health status by using gas path measurements. The developed approach has been tested in seven test cases where the degradation of a model gas turbine engine similar to a three-shaft marine engine has been analyzed. Some conclusions have been obtained as follows:
(1) The proposed GPA approach can detect engine performance degradation by using gas path measurements to directly output component health parameters, which simplifies the procedure of diagnostic analysis.
(2) Due to the application of similar parameters for engine health parameters and characteristic maps for compressors and turbines, the influence of deviation of component performance parameters caused by varying ambient and operating conditions on the gas path diagnosis can be automatically eliminated.
(3) The approach can accurately and quickly detect, isolate, and quantify the degradation of major engine gas path components with the existence of measurement noise.
(4) The time cost by the approach is short enough for its potential application of online health monitoring. (5) The developed approach may have the potential application of gas path diagnosis for other types of gas turbine engines.
